Purpose: The authors assessed whether (a) a full-insertion cochlear implant would provide a higher level of speech understanding than bilateral low-frequency acoustic hearing, (b) contralateral acoustic hearing would add to the speech understanding provided by the implant, and (c) the level of performance achieved with electric stimulation plus contralateral acoustic hearing would be similar to performance reported in the literature for patients with a partial insertion cochlear implant. Method: Monosyllabic word recognition as well as sentence recognition in quiet and at +10 and +5 dB was assessed. Before implantation, scores were obtained in monaural and binaural conditions. Following implantation, scores were obtained in electric-only and electric-plus-contralateral acoustic conditions. Results: Postoperatively, all individuals achieved higher scores in the electric-only test conditions than they did in the best pre-implant test conditions. All individuals benefited from the addition of low-frequency information to the electric hearing. Conclusion: A full-insertion cochlear implant provides better speech understanding than bilateral, low-frequency residual hearing. The combination of an implant and contralateral acoustic hearing yields comparable performance to that of patients with a partially inserted implant and bilateral, low-frequency acoustic hearing. These data suggest that a full-insertion cochlear implant is a viable treatment option for patients with low-frequency residual hearing.
Initial reports of hearing preservation and speech understanding following partial insertion of an electrode array have been very encouraging. Gantz et al. (2005) studied 11 patients with a 10-mm electrode insertion and reported an average postimplant threshold shift of 9.5 dB for frequencies ≤1 kHz. One patient lost hearing postoperatively following a cytomegalovirus infection. Postimplant monosyllabic word scores with the consonantnucleus-consonant (CNC) word lists (Peterson & Lehiste, 1962) averaged 69% correct in the combined electric and binaural acoustic condition. Using a 20-mm electrode insertion, Gstoettner et al. (2004) reported an average threshold shift of 10.5 dB for a sample of 21 patients. Hearing was preserved within 20 dB for 86% of the sample and within 10 dB (at 500 Hz) for 64% of the sample. Three patients had a total loss of hearing. In a subset of this population, Kiefer et al. (2005) reported, postimplant, monosyllabic scores of 67% correct.
A number of studies have examined the performance of patients who have a fully inserted electrode array in one ear and who have residual hearing in the nonimplanted ear (e.g., Armstrong, Pegg, James, & Blamey, 1997; Ching, Incerti, & Hill, 2004; Dunn, Tyler, & Witt, 2005; Hamzavi, Pok, Gstoettner, & Baumgartner, 2004; Kong, Stickney, & Zeng, 2005; Mok, Grayden, Dowell, & Lawrence, 2006; Shallop, Arndt, & Turnacliff, 1992; Tyler et al., 2002) . The amount of residual hearing varied widely across studies, and few patients had hearing thresholds similar to those in Gantz et al. (2005) , Kiefer et al. (2005) , or Gstoettner et al. (2004) . The improvement in speech intelligibility gained from adding the residual hearing in the nonimplanted ear to the electric hearing ranged from 8% to 30% on measures of speech recognition in noise. There were, however, reports of listeners who did not demonstrate any benefit from adding acoustic hearing to the electric stimulation (Mok et al., 2006; Shallop et al., 1992) ; however, the listeners examined in these studies had severe to profound hearing loss in the nonimplant ear, even in the low frequency range.
This report describes the speech recognition abilities of patients with bilateral hearing losses meeting candidacy for EAS (as in Gantz et al., 2005) but who chose to receive a fully inserted, cochlear implant electrode array. At issue was (a) whether a fully inserted electrode array would provide a higher level of performance than residual, low-frequency acoustic hearing, ( b) whether contralateral acoustic hearing would add to the speech understanding provided by the implant, and (c) whether the level of performance achieved with electric stimulation plus contralateral acoustic hearing would be similar to the level of performance reported in the literature for patients with a partially inserted electrode array and bilateral low-frequency acoustic hearing.
Method

Participants
Eleven individuals participated in this study ( M = 72.3 years; range = 47-85 years). All participants were paid an hourly wage for their participation. Participants met the audiologic criteria for participation in the Food and Drug Administration clinical trial of EAS as conducted in the United States by Cochlear Americas for the Nucleus hybrid device: (a) thresholds at 500 Hz and below at ≤60 dB HL, (b) thresholds at 2000 Hz and above at ≥80 dB HL, (c) monosyllabic word recognition ≤60% in the ear to be implanted and no greater than 80% in the nonimplant ear. ear for all participants. The participants' pre-implant audiograms revealed strikingly symmetrical hearing (all interaural threshold differences-for any given frequencywere ≤15 dB). The mean thresholds for the contralateral ear at 0.25, 0.5, 0.75, and 1 kHz were 38, 53, 69, and 81 dB HL, respectively. The bold lines in each panel outline the range of acceptable thresholds at any given frequency to meet EAS candidacy as defined by Cochlear Americas. One participant (Participant 1) had a threshold at 500 Hz that was 5 dB greater than the specified criteria for the Nucleus hybrid device. Given that the test-retest variability with standard modified HughsonWestlake audiometric test procedures (Hughson & Westlake, 1944) ranges from 5 to 10 dB for any given threshold, this individual was considered appropriate for testing in the current study. Table 1 displays demographic information, including age, sex, processor type and strategy, implant ear, duration of experience with the implant, and hearing aid device in the nonimplanted ear. Given that all 11 participants had symmetrical hearing before receiving the implant, the choice for the implant ear was determined individually by each patient. At the time of testing, all participants had at least 5 months' experience with electric stimulation (range = 5 months-3 years) and at least 5 years' experience with amplification prior to implantation. Ten of the 11 participants reported wearing both their implant and hearing aid for the majority of their waking hours since their initial implant activation. One of the participants, S5, did not wear a hearing aid for the first 3 months following initial activation of the implant because of reported high levels of speech understanding with the implant alone. S5 did, however, report that the combination of the hearing aid and cochlear implant has greatly increased his ease of listening and subjective speech understanding. At the time of testing, participant S5-who was 6 months post initial activation-had 2 months' experience with bimodal hearing.
Test Materials and Design
Postimplant performance was measured in the following conditions: aided contralateral acoustic alone (A), electric alone (E; nonimplant ear occluded with an EAR foam plug as well as a circumaural headphone), and combined electric and contralateral-aided acoustic (bimodal). All measurements were performed over 2-5 test sessions, depending on whether the research participant was required to travel to the testing site. Test order on all measures as well as mode of stimulation was randomized for each participant.
Pre-and postimplant CNC scores were available from all 11 participants. Postimplant scores on all measures of speech understanding were also obtained from all 11 participants. Only 6 participants, however, received the entire test battery at both a pre-and a postimplant evaluation.
1 The 6 participants for whom we obtained the entire test battery in both pre-and postimplant conditions were examined prospectively. The remaining 5 participants were chosen retrospectively on the basis of their pre-implant audiograms.
The test battery included measures of monosyllabic word recognition and sentence recognition in quiet and in noise (+10 dB and +5 dB signal-to-noise ratio [SNR] ). Signals were presented at 70 dB SPL via a loudspeaker placed at a distance of 1 m in front of the listener. Prior to testing, each participant's hearing aid settings were electroacoustically verified with a simulated speechmap fitting system to match NAL-NL1 targets using the Verifit simulated real-ear mode-that is, all measurements were made in the test chamber (with the 2-cc coupler) and were converted to an estimated real-ear SPL. Given that all speech stimuli in the current study were presented at an overall level of 70 dB SPL, the participants' hearing aids were only required to meet prescribed targets for the average-level speech signal, which is also presented at 70 dB SPL.
CNC words. All patients were tested with a 50-item CNC word list (Peterson & Lehiste, 1962) . The three standard practice words (duck, bomb, and June) were presented with each list for all test conditions. Sentence material. Lists of 20 sentences from the multiple-talker, AzBio sentence corpus (Spahr & Dorman, 2005) were used as test material. The sentences were spoken by male and female speakers in a conversational speaking style. The sentences ranged in length from four to seven words. Sentences were scored as words correct. The sentences were presented in quiet and at +10 and +5 dB SNR. The noise was a 4-talker babble from an Auditec CD. The noise started 100 ms before the onset of the signal and ended 100 ms after the end of the signal. Five practice sentences were presented with each list for all test conditions.
Results
Percent correct scores for all participants in all test conditions are shown in Table 2 . Mean scores are shown in Figure 2 . Statistical analyses are reported below. A Bonferroni correction of a /4 was used to set the level of significance (.0125) for each of the four repeated measure analyses of variance (ANOVAs).
CNC words (n = 11). A one-way, repeated measures ANOVA was completed with five listening conditions (preimplant A, contralateral A, pre-implant binaural, E only, and bimodal) as the variables of interest. As expected, statistical analysis revealed a significant effect of listening condition on the CNC percent correct score, F(4, 10) = 41.99, p = .0000001. A post hoc, all pairwise multiple comparison analysis (Bonferroni) revealed that bimodal hearing (M = 75%) yielded significantly higher performance than all other conditions tested. The E-alone scores (M = 57%) were significantly higher than the best preimplant aided scores (M = 28%). None of the aided acoustic conditions were significantly different from one another.
Sentences in quiet (n = 6). A one-way, repeated measures ANOVA revealed a significant effect of listening condition on sentence recognition in quiet, F(4, 5) = 31.37, p = .0000001. Post hoc analysis using the Bonferroni correction found performance in the bimodal hearing condition (M = 83%) to be significantly greater than in all conditions except E alone (M = 69%). As with CNC words, the E-alone scores (M = 69%) were significantly higher than the best pre-implant, binaural-aided scores (M = 40%). None of the aided acoustic conditions were significantly different from one another.
Sentences at +10dB SNR (n = 6). Statistical analysis with a one-way, repeated measures ANOVA revealed a significant effect of listening condition on sentence recognition in noise at +10 dB SNR, F(4, 5) = 1.51, p = .000001. Post hoc analysis using the Bonferroni multiple comparison correction revealed that performance in the bimodal condition (M = 62%) was significantly higher than all other conditions. The E-alone scores (M = 39%) were significantly higher than pre-implant A (M = 21%) and contralateral A (M = 21%) scores but were not significantly different from the best pre-implant, binaural-aided condition (M = 32%). None of the aided acoustic conditions were significantly different from one another.
Sentences at +5dB SNR (n = 5). A one-way, repeated measures ANOVA found a significant effect of listening condition on sentence recognition in noise at +5 dB SNR, F(4, 4) = 11.60, p = .00013. Post hoc analysis using the Bonferroni correction revealed that bimodal scores (M = 38%) were significantly higher than scores in all other conditions except E-alone (M = 23%). E-alone performance was not higher than the best pre-implant, binaural-aided performance (M = 9%)-although the trend for greater performance was certainly evident. As with the other test materials, none of the aided acoustic conditions were significantly different from one another.
Correlations
Correlations were computed between measures of contralateral auditory threshold and performance measures in all listening conditions (see Table 3 ). Recall that pre-implant audiograms were highly symmetrical across ears for all 11 participants. Given that the contralateral acoustic thresholds are what these individuals are able to use with the electric stimulation, it was those thresholds that were chosen for correlation analysis. The measures of auditory threshold were thresholds at 250 Hz and 500 Hz; the mean threshold for 250 Hz and 500 Hz; the mean threshold for 250, 500, and 1 kHz; the difference in threshold at 250 and 1000 Hz (i.e., the slope of the hearing loss); and the difference in threshold at 500 Hz and 1 kHz. There were no significant correlations among these measures of auditory threshold and any measure of speech recognition for any of the listening conditions tested. Ching et al. (2004) also examined correlations among hearing thresholds at 250, 500, and 1000 Hz in the contralateral ear and (a) bimodal performance as well as (b) the difference score between bimodal and E-alone performance. No significant correlations between (a) hearing thresholds and (b) bimodal performance or the difference scores were found for any of the measures.
Discussion
The aims of this research were to determine (a) whether a fully inserted electrode array would provide Note. Conditions for which pre-implant measures could not be obtained are represented by an em dash. CNC = consonant-nucleus-consonant; A = residual acoustic hearing; E = electrical stimulation; AzBio = AzBio sentence corpus (Spahr & Dorman, 2005) ; SNR = signal-to-noise ratio.
a higher level of performance than residual, low-frequency hearing, (b) whether contralateral acoustic hearing would add to the speech understanding provided by the implant, and (c) whether the level of performance achieved with electric stimulation plus contralateral acoustic hearing was similar to the level of performance reported in the literature for patients with a partially inserted electrode array and bilateral low-frequency acoustic hearing. The results indicated that E-alone scores were significantly higher than the pre-implant binaural scores for all measures except sentence recognition at +5 dB SNR. Thus, most generally, a fully inserted electrode array provides a higher level of performance than does residual lowfrequency hearing.
Bimodal performance was significantly higher than E-alone performance for monosyllabic word recognition and sentence recognition at +10 dB SNR. No significant difference was found between bimodal and E-alone performance on sentence recognition in quiet or at +5 dB SNR. However, in both quiet and at +5 dB, the mean scores in the bimodal conditions were 14 -15 percentage points higher than the mean scores in the E-alone conditions. Thus, information from the contralateral ear can provide significant benefit even when that information is from a limited frequency domain and when auditory thresholds in that domain are elevated. Participants with an EAS-like hearing loss should be encouraged to wear appropriate amplification in the nonimplanted ear even if they believe they receive little benefit from amplification.
In the introductory paragraphs, we described the monosyllabic word scores of patients fit with electrode arrays inserted 10 and 20 mm into the cochlea. Gantz et al. (2005) studied participants fit with a 10-mm electrode who presented with slightly better (by approximately 10 dB) average thresholds at 250 and 500 Hz than did the patients tested in this report and found an average CNC score of 69% correct in the combined electric and binaural acoustic condition. Gantz et al. (2005) also noted that a subset of that group demonstrated an average CNC score of 79% correct in the electric-plus-bilateral acoustic condition. Kiefer et al. (2005) reported a mean Figure 2 . Means and standard deviations for four tested conditions. The four panels represent monosyllabic word recognition (consonant-nucleus-consonant [CNC]), AzBio sentence recognition in quiet, AzBio sentence recognition at +10 dB SNR, and AzBio sentence recognition at +5 dB SNR. A = residual acoustic hearing; E = electrical stimulation; CNC = consonant -nucleus-consonant; AzBio = AzBio sentence corpus (Spahr & Dorman, 2005) ; Contra A = contralateral A; SNR = signal-to-noise ratio. Error bars represent XXX. monosyllabic word score of 62% correct in the combined EAS condition for a sample with a 20-mm insertion. These patients had poorer pre-implant monosyllabic word scores and poorer pre-implant residual acoustic hearing than the patients in the current study. The mean bimodal CNC score of 75% correct for the participants in the current study, which combined the percepts from a fully inserted electrode array and low-frequency residual hearing from the nonimplanted ear, is comparable to the mean scores reported for 10-and 20-mm partial electrode insertions.
We found no correlation between the amount of residual hearing in the contralateral ear and performance in any condition with acoustic stimulation. This indicates that differences in auditory thresholds over the range studied here do not influence the usefulness of lowfrequency information for the purpose of speech understanding. In other words, the degree of low-frequency residual hearing in the nonimplant ear is not correlated with bimodal speech perception performance. This finding is reinforced by the performance of a patient, not included in this test sample, who received a full insertionNucleus 24 perimodiolar electrode array-without completely destroying low-frequency residual hearing. Postimplant thresholds in the implanted ear were 40 dB HL at 250 Hz, 75 dB HL at 500 Hz, and 110 dB HL at 1 kHz. For all tests of speech understanding, the participant received as much benefit from acoustic hearing as did any participant in the sample reported here. If we assume that frequency resolution at 500 Hz was very poor (given the 75-dB HL threshold, per Glasberg & Moore, 1986) , then it would appear that the benefit of lowfrequency residual hearing is derived from information below 500 Hz.
Summary and Conclusion
Individuals with auditory thresholds meeting EAS candidacy received significant benefit from a fully inserted cochlear implant on tests of word recognition in quiet and on tests of sentence recognition in quiet and in noise. In the bimodal conditions, scores were 2-4 times better than scores in pre-implant, acoustic-only conditions. Scores in the bimodal condition were also generally better than in the E-alone condition. Thus, a limited range of low-frequency acoustic hearing with elevated thresholds can provide significant additional benefit to the speech understanding achieved from electric stimulation alone. The level of performance achieved by patients in the current study was similar to that of patients with partial insertion implants and bilateral lowfrequency hearing (e.g., Gantz et al., 2005; Kiefer et al., 2005) . Only after large patient populations have been tested with devices inserted over the range of 10-20 mm will it be possible to determine whether one of several surgical interventions is the best treatment for patients with severe to profound high-frequency hearing loss at 1-8 kHz and mild to moderate hearing loss at 500 Hz and below.
